For nearly a decade, silver nanoparticles (AgNPs) have been the most prevalent commercial nanomaterials products widely used in different biomedical applications due to their broad-spectrum antimicrobial activity. However, their poor long-term stability in different environments, namely, pH, ionic strength, and temperature, and cytotoxicity toward mammalian cells has restricted their more extensive applications. Hence, there is urgent need to develop highly biocompatible, non-toxic, and stable silver nanoparticles for wide-ranging environments and applications. In the present study, a simple, sustainable, cost-effective and green method has been developed to prepare highly stable aqueous colloidal silver nanoparticles (AgNPs-EW) using the ovalbumin, ovotransferrin, and ovomucoid of eggwhite as reducing and capping agents accomplished under the irradiation of direct sunlight. Then, we evaluated the effects of freezing-drying (lyophilization) and freeze-thaw cycles on the stability of AgNPs-EW in aqueous solution under visual inspection, transmission electron microscopy, and absorbance spectroscopy. In addition, we studied the antibacterial activity against Salmonella typhimurium and Escherichia coli, carried out biocompatibility studies on chicken blood, and tested acute, chronic toxicity in Drosophila melanogaster. The results suggest that AgNPs-EW did not aggregate upon freeze-thawing and lyophilization, thus exhibiting remarkable stability. The antibacterial activity results showed that the AgNPs-EW had the highest antibacterial activity, and the minimum inhibitory concentration (MIC) of AgNPs-EW for E. Coli and S. typhimurium were 4 and 6 mg ml À1 , respectively. The biocompatibility study revealed that the AgNPs-EW did not induce any hemolytic effect or structural damage to the cell membranes of chicken erythrocytes up to a concentration of 12 mg ml
Introduction
Infectious diseases are mostly responsible for one-third of mortality in human beings and represent a constant threat to human healthcare. Moreover, several antibiotics are being used indiscreetly in controlling these disease-causing microbes, which could lead to the emergence of resistant pathogenic bacterial strains toward one or several conventional antibiotics (penicillin, streptomycin, tetracycline, vancomycin, etc.).
These studies indicated that AgNPs have potentially highquality antibacterial activity; however, in general, they have poor stability and are prone to be aggregated in the aqueous phase within three days of storage, leading to a loss of antibacterial activity, restricting their practical applications as nanomaterials.
11,12 Furthermore, Tomankova et al. reported that the cytotoxicity of Ag + and AgNPs to mammalian cells signi-cantly narrowed the application of AgNPs as a sustainable antimicrobial agent. 13 So, there is an urgent need to develop a methodology for the synthesis of non-toxic silver nanoparticles. In fact, metal nanoparticles can be synthesized by using various methods, such as chemical, electrochemical, chemical vapor deposition, photochemical, and molecular beam epitaxy. [14] [15] [16] Noteworthy, the experimental factors, the interaction of metal precursor ions with reducing agents, and the interface of capping agents with metal nanoparticles signicantly inuence the size, shape, stability, and physicochemical properties of the metal nanoparticles. Therefore, the selection of an appropriate capping agent is oen a prerequisite for stabilizing the nanoparticles, their size, shape, and surface charges, and their interactions with the surrounding solvent. Apart from these, capping agents also play a vital role in cytotoxicity and the biocompatibility of nanomaterials. 17, 18 To address these issues, various biomolecules, viruses, microorganisms, and plant extracts have been employed in the synthesis and reducing aggregation of AgNPs during long-term storage. In comparison with all the capping agents, the use of proteins and peptides in the synthesis of nanomaterials is drawing more interest due to their unique tertiary and quaternary structures, which offer interesting opportunities for the template growth and organization of nanoparticles.
19, 20 Huang et al. 19 reported novel BSA-based Ag microspheres exhibiting good biocompatibility, while similarly Mauro et al. 21 also demonstrated that the glyco-polypeptide architecture has excellent antimicrobial properties against S. aureus and P. aeruginosa. Moreover, to improve the stability and antibacterial efficacy of AgNPs, researchers tend to do immobilization and surface modication. However, these processes require complex and tedious preparation procedures with a high cost. Thus, great efforts are still necessary to develop novel kinds of facile methods for the synthesis of stable materials with good biocompatibility and non-toxic antibacterial properties to meet the increasing demand for broad-spectrum antibacterial applications and to reduce dependence on conventional antibiotics, so as to overcome the antimicrobial resistance to those antibiotics. In this context, we present a new method for the synthesis of ovalbumin, ovotransferrin, and ovomucoid of egg-whitecapped silver nanoparticles (AgNPs-EW), featuring high colloidal stability during freezing-drying (lyophilization) and freeze-thaw cycles without using any immobilization, surface modication or cryoprotectants. The AgNPs-EW were also evaluated for antibacterial activity toward Salmonella typhimurium and Escherichia coli with good biocompatibility and nontoxicity to Drosophila. As far we know, this is the rst report extensively studied about which protein among all the egg-white proteins plays the key role in the reduction of silver ions (Ag + ) to silver nanoparticles (Ag 0 ), and in the antibacterial activity and toxicity studies on Drosophila for egg-white-capped silver nanoparticles.
Experimental section

Reagents
The chemicals used for this study were purchased from SigmaAldrich (USA) and HiMedia Laboratories (Mumbai, India), and unless otherwise mentioned, all the reagents and solvents were of analytical grade. Throughout all the experiments, Millipore water (18.2 U) was used (Millipore Applied Systems, USA), and before the experiments, all the glassware used was cleaned in aqua regia (1 : 3 HNO 3 , HCl).
Preparation of silver nanoparticles (AgNPs-EW)
The synthesis of AgNPs-EW was carried out by a green chemistry approach, whereby in brief, chicken eggs were collected from the local market and the egg-white was collected by breaking the eggs in a sterile Petri dish (Borosil Pvt Ltd, Gujarat, India). Thereaer, 2 ml of egg-white extract was fully dissolved in 92 ml of Milli-Q water with a strong magnetic stirrer (120 rpm) for 30 min. The cloudy white solution was ltered through lter paper (Whatman no 1, USA) and a clear solution was obtained.
The resulting solution was mixed with 6 ml of silver nitrate solution (1000 ppm) drop by drop with strong stirring (120 rpm) and the reaction mixture pH was set at 7.2 and thereaer kept under sunlight and at a temperature of 38 C to 40 C. The reaction mixture showed an instant color change from white to pale yellow with the sharp surface plasmon resonance (SPR: l max 430 nm) band within 2 min of sunlight exposer, which was an indication of the nanoparticles formation, which was further conrmed by UV-Vis spectroscopy examination (the detailed experimental setup is presented in Table 1 ). In order to optimize the maximum the nanoparticles formation, aliquots of the reaction mixture was collected at different time intervals (i.e., 5, 10, 15, 30, 45, 60 , and 95 min) and examined by UV-Vis spectroscopy. The synthesized nanoparticles were dialyzed to remove the un-bounded proteins from solution through dialysis tubing (at width 25 mm, MWCO 12 000 Da, Sigma, USA), the water was changed two times during 24 h dialysis period. The dialyzed silver nanoparticles were examined under UV-Vis spectroscopy before and aer dialysis (ESI Fig. 1 †) . The dialyzed nanoparticles were dried at 50 C in a hot-air oven and the dried powder was used for characterization of the nanomaterials, and in the in vivo acute and chronic toxicity evaluation, biocompatibility studies, and antibacterial activity.
Characterization of the nanoparticles
The AgNPs-EW were primarily characterized by UV-Vis absorption spectroscopy (Shimadzu UV spectrophotometer UV-2600).
Fourier transform infrared spectroscopy (FTIR) was employed to characterize the interaction between the silver nanoparticles and protein present in the egg-white, and FTIR spectra were recorded in the range from 4000 to 400 cm À1 using a Spectrum RX-IFTIR (Perkin Elmer Massachusetts, USA). Lyophilized eggwhite served as a control. Dynamic light scattering (DLS) analysis was carried out using a zeta sizer (Malvern Instrument Co. Ltd., UK) for evaluation of the AgNPs-EW stability. This analysis was performed using duplicate measurements and the size distribution on correlator soware version Zetasizer 7.11. All the samples were diluted 100Â with double distilled water before analysis. Zeta potential measurements were carried out using a zeta sizer (Malvern Instrument Co. Ltd., UK) in a disposable cell at 25 C. DLS and zeta potential measurements were performed to study the stability of AgNPs-EW. These measurements were carried out between 1 to 3 h aer the preparation of the AgNPs-EW. The surface morphology and particles sizes of the AgNPs-EW were observed using high-resolution transmission electron microscopy (Hitachi H-7500).
Effect of freezing-thawing on the AgNPs-EW
To perform this study, a conical tube containing the AgNPs-EW (10 ml) solution was stored at À20 C in a refrigerator (Samsung Pvt Ltd). The sample was frozen for 1 h and then thawed at room temperature (26 AE 1.5 C); thereaer freeze-thaw cycles were repeated three times. The thawed solutions were analyzed using a UV-Vis spectrophotometer to know the change in the SPR band (wavelength peak shi due to agglomeration), while DLS, and surface charge analysis (zeta potential) were also performed to know the freezing-thawing effect on the AgNPs-EW stability.
Effect of lyophilization (freeze-drying) on the AgNPs-EW
The effects of lyophilization (freeze-drying) on the stability of the AgNPs-EW were assessed without using any cryoprotectants. Glass vials containing 2.0 ml of AgNPs-EW solutions were frozen, keeping at À80 C for 30 min and then immediately shied into a freeze-dried device (FreeZone Plus, US) with a vacuum (0.050 mBar) for 48 h, with the condenser surface temperature maintained at À80 C throughout the experiments.
2.5.1 Reconstitution of the freeze-dried samples. Aer freeze-drying, the samples were reconstituted by adding Milli-Q water in the vial, and thereaer the sample was maintained at room temperature for 5 to 10 min to ensure proper cake wetting. Then, a gentle vortex was carried out for 2 to 5 min to ensure complete homogenization of the sample. The reconstituted sample was analyzed using UV-Vis spectrophotometry, surface charge analysis (zeta potential), eld emission scanning electron microscopy, and transmission electron microscopy.
2.5.2 Stability study of AgNPs-EW in buffers. For this study, 25 to 200 mM of phosphate, bicarbonate, Tris-HCl, buffers at different pH levels (6.5 and 7.4) were prepared by using a sigmabuffer reference center. Then, 5 ml of the synthesized AgNPs-EW were centrifuged at 12 000 rpm for 15 min and AgNPs-EW pellets were collected, and the pellets washed with Milli-Q water and dried at 50 C in a hot-air oven. From this, 5 mg of dried AgNPs-EW was dissolved in 2.0 ml of 100 mM of phosphate, bicarbonate, and Tris-HCl, buffers at pH 6.5 and 7.4 and incubated for 24 h at 25 C AE 1.5 C. Aer the incubation, the solutions were examined by UV-Vis spectroscopy and the control experiment was performed by dissolving AgNPs-EW pellets in Milli-Q water while keeping the other parameters the same.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
Egg-white has various proteins, therefore SDS-PAGE analysis was performed according to Desert et al. 22 with modication in order to understand the type of proteins that play the vital role in the reduction of silver ions (Ag + ) into silver nanoparticles (Ag 0 ) and protein bonding on the surface of AgNPs-EW. In brief, 25 ml of freshly synthesized AgNPs-EW was centrifuged at 12 000 rpm for 20 min to remove the unbound proteins. Thereaer, the supernatant was collected in a 15 ml sterile tube to estimate the unbound proteins. The pellets (AgNPs-EW) were washed three times with Milli-Q water and resuspended in 5 ml Milli-Q water. Then, the bound proteins with AgNPs-EW were digested by adding 10 mM dithiothreitol, and incubated at 95 C for 6 min in a running water bath. Thereaer, this solution was cooled down to room temperature, and then centrifuged at 12 000 rpm for 15 min and the supernatants were collected in a 1.5 ml sterile tube and stored at 4 C until future analysis. SDS-PAGE was performed using 4% acrylamide in stacking gels and 12% acrylamide in separating gels. Then, in a 200 ml vial, 50 ml of sample buffer and 50 ml of protein samples (i.e., an egg-white protein used for nanoparticles synthesis, unbound proteins, and bounded proteins digested with dithiothreitol) were added and incubated at 95 C for 5 min in a running water bath, and aer that, the vials were brought to room temperature. Then, the samples were loaded over the gel. The migration buffer comprised 25 mM Tris, 192 mM glycine, and 0.1% SDS, and electrophoresis (Bio-Rad Electrophoresis Equipment) was carried out at 75 V in the stacking gel and 120 V in the separating gel. Aer that, the gel was stained with Coomassie brilliant blue, and further a photograph was captured using a gel documentation system (Bio-Rad-Gel Doc™ XR+) and the thickness (quantied) of the protein bands were analyzed using ImageJ soware tools.
Evaluation of antibacterial activity
The bacterial strains used in this study, namely Salmonella typhimurium (MTCC-3224) and Escherichia coli (MTCC-062), were procured from Microbial Type Culture Collection (MTCC), Institute of Microbial Technology, Chandigarh, India. The brain-heart infusion (BHI) (5% peptone, and 1.5% agar) and nutrient agar (5% peptone, and 1.5% agar) slants were used as the culture media. In brief, freshly grown bacterial strains (Salmonella typhimurium, Escherichia coli) species from the brain-heart infusion agar slants and nutrient agar slants were inoculated in a brain-heart infusion broth and nutrient broth and then incubated at 37 C at 120 rpm. Thereaer, the cells were harvested from the early stationary phase, i.e., 12 to 16 h, by centrifugation at 6000 rpm for 10 min and washed three times with phosphate buffer (10 mM, pH 7.2). The cell pellets were nally resuspended in the same phosphate buffer to obtain a cell density of 0.1 OD (optical density), approximately 10 5 CFU ml À1 .
Agar well diffusion method.
The agar well diffusion method was performed against the test bacterial strain (Salmonella typhimurium, Escherichia coli) as described by Heatley. 23 In brief, 100 ml microbial inoculum (10 5 CFU ml À1 )
was spread on the BHI and nutrient agar plates, and dried for $5 to 10 min. Then, a hole with a diameter of 8 mm was punched aseptically with a sterile cork borer (Himedia, Mumbai, India). Thereaer, different concentrations of AgNPs-EW, namely 0.5, 1.0, 1.5, and 2 mg ml À1 , were added to each well and incubated for 24 h at 37 C. Upon completion of the incubation time, the zone of incubation was measured by applying the following formula: ZIO ¼ diameter of total inhibition (mm) -diameter of the well (mm). 2.7.2 Micro-broth dilution method. The micro-broth dilution method was employed to determine the minimum inhibition concentration (MIC) and minimum bactericidal concentration (MBC) of the AgNPs-EW against test bacterial strains as described by Martınez-Castanon et al. 24 Polystyrene microtiter plate (Nunc, Thermo Scientic, Denmark) wells were inoculated with 100 ml cells suspensions containing approximately 10 5 CFU ml À1 along with 1, 2, 4, 6, 8, 10, and 12 mg ml
À1
AgNPs-EW. Then the plate was incubated at 37 C for 24 h and the bacterial growth was observed by visual inspection for turbidity and the absorbance at 600 nm.
To quantify the antibacterial activity of the AgNPs-EW, serial dilution of the bacterial suspension was done, and from this, 100 ml of bacterial suspension was speared on the brain-heart infusion and nutrient agar plates. Then, all the plates were incubated at 37 C for 24 h. Photographs of Salmonella typhimurium and E. coli grown on the plates were obtained and a number of colonies were manually counted and the antibacterial activity of AgNPs-EW was calculated. The lowermost concentration was taken for bacteriological progress on the brain-heart infusion plates and nutrient agar plates selected for the MBC (minimum bactericidal concentrations).
2.7.3
In vitro time-kill assay (growth kinetics). The time-kill assay was employed to know the pattern of bacterial growth or the killing kinetics of the biosynthesized AgNPs-EW against Salmonella typhimurium and Escherichia coli. Polystyrene microtiter plate (Nunc, Thermo Scientic, Denmark) wells were inoculated with 200 ml cells containing 10 5 CFU ml À1 along with 1, 2, 4, 6, 8, 10, and 12 mg ml À1 AgNPs-EW. All the plates were incubated at 37 C for 3.5 h and the optical density was measured at 600 nm at every 30 min intervals using a plate reader (Spectramax i3x, Molecular Devices, CA, USA). Control experiments were performed in the absence of AgNPs-EW and Origin 9.1 soware was used to analyze the data and graphing.
2.7.4
In vitro biolm formation assay (crystal violet method). The known effect of AgNPs-EW on biolm formation was also evaluated by Mauro et al.'s 21 method. In brief, sterile polystyrene microtiter plate (Nunc, Thermo Scientic, Denmark) wells were inoculated with 200 ml of brain-heart infusion and nutrient broth containing 10 5 CFU along with 4 mg ml À1 of AgNPs-EW (this concentration has shown better MIC based on bacteriocidal effect/killing kinetics). The plate was incubated in a static mode at 37 C for 48 h. The negative and positive control wells maintained the absence of AgNPs-EW and ciprooxacin, respectively. Aer biolm growth, the content of each well was removed, washed twice with sterile PBS 1Â (pH 7.4) and stained with 150 ml of 0.1% w/v crystal violet solution (Himedia labs, Mumbai), and incubated for 30 min at room temperature. Thereaer, the excess solution was removed and the plate was washed twice using PBS 1Â (pH 7.4) and air dried. The bound stain was solubilized using 200 ml 95% ethanol and the optical density (OD) was read at 590 nm using a microplate reader (Spectramax i3x, Molecular Devices, CA, USA). To calculate the percentages of inhibition the following formula was used:
2.8 Antibacterial mechanisms 2.8.1 Evaluation of cytoplasmic contents leakage aer treatment with AgNPs-EW. This experiment was conducted to know the effect of AgNPs-EW on membrane damage through quantifying the cytoplasmic nucleic acids and proteins leaking. The bacterial suspension was prepared having a 0.5 OD at 600 nm in sterile saline and treated with 4 mg ml À1 AgNPs-EW for 1.5 h. The negative and positive controls were also performed. Aer the incubation, the bacterial suspension was boiled at 100 C for 30 min, centrifuged at 10 000 rpm for 10 min, and the supernatants were measured for absorbance at 260 and 280 nm using a plate reader (Spectramax i3x, Molecular Devices, CA, USA). 2.8.2 MTT assay. An MTT assay (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide) was performed to know the bacterial viability based on cellular metabolically active cells as per the method described by Wang et al. 25 In brief, polystyrene microtiter plate (Nunc, Thermo Scientic, Denmark) wells were inoculated with 100 ml cells suspensions (10 5 CFU ml À1 ) and 1, 2, 4, 6, 8, 10, and 12 mg ml À1 AgNPs-EW. Then, the plate was incubated at 37 C at 120 rpm for 24 h. Thereaer, 10 ml of MTT (5 mg ml À1 ) was added and the plate was incubated for 4 h at 37 C. The resulting formazan was dissolved in 100 ml of acidic isopropanol per well. The absorbance was measured at 570 nm using a plate reader (Spectramax i3x, Molecular Devices, CA, USA) and the percentage (%) cell death was calculated applying the following formula:
% Cell death ¼ A 570 of treated cells/A 570 of control cells Â 100
Detection of reactive oxygen species (ROS).
To evaluate the generation of intracellular ROS, 2 0 ,7 0 -dichlorouorescein diacetate was used as an intracellular ROS indicator. 26 Overnight grown bacterial cultures on nutrient broth and brain-heart infusion broth were harvested by centrifugation, washed three times with 10 mM phosphate buffer (pH 7.2), and resuspended in the same buffer and adjusted to 0.5 OD at 600 nm. the pellets collected were then resuspended in 1 ml of liquid broth medium, and then incubated with 10 ml acridine orange (5 mg ml À1 ) + propidium iodide (3 mg ml À1 ) at 37 C for 10 min. Subsequently, the bacterial suspension was centrifuged at 5000g for 7 min at 4 C and the supernatant was discarded. The unincorporated dyes were removed by washing (4 times) with phosphate-buffered saline (1Â and pH 7.4). One droplet of cell suspension ($5 ml) was taken on the freshly treated glass slide and covered with the coverslip without any air bubbles. The cellular images were captured under laser confocal microscopy (Nikon AI (P)).
Evaluation of the hemocompatibility
The hemolysis assay was employed with chicken whole blood as described by Kutwin 27 to know the biocompatibility of the synthesized AgNPs-EW. In brief, heparinized blood collected from the slaughterhouse was incubated at 37 C at 120 rpm with 1, 2, 4, 6, 8, 10, and 12 mg ml À1 AgNPs-EW. Thereaer, the blood was centrifuged at 1200 rpm for 10 min and the supernatant collected. The supernatant was analyzed for the concentration of hemoglobin at 540 nm using a plate reader (Spectramax i3x, Molecular Devices, CA, USA). Samples incubated with Triton X-100 were considered as a positive control (100% hemolysis) and the sample with PBS buffer as a negative control (0% hemolysis). The percentage of hemolysis was calculated using the formula as per the Shiny et al. method. 28 The structural damage of erythrocytes (RBCs) was also analyzed by using upright light microscopes at 40Â (Leica Microsystems, Germany).
Evaluation of the acute and chronic toxicity effects of AgNPs-EW on Drosophila melanogaster
The in vivo toxicity of AgNPs-EW was investigated using the Drosophila melanogaster animal model. Fecundity, hatchability, viability, larva to adult development, and pigmentation were studied upon exposure to AgNPs-EW at 10, 20, 30, 40, 50, and 100 mg L À1 concentrations through maize-agar food. In brief, before starting, the newly enclosed virgin females and males were fed separately on different concentrations of AgNPs-EW-mixed food medium. The AgNPs-EWfed ies were mated in the early morning between 6 and 8 am at 21 C for two days prior to monitoring their egg-laying capacity. 10 ml of proper AgNPs-EW-mixed cooled media with and without AgNPs-EW food media was poured into the culture vial (25 Â 100 mm, Tarson, Kolkata) and 10 no. of mated female were subjected to culture and allowed to lay eggs. Five replicates were rum simultaneously for all the treatments and control. The number of eggs laid by the mated females within 24 h were counted and divided by 10 y in order to determine the rate of fecundity per y. For hatchability, the 50 no. of eggs (10 eggs/replicates) were transferred into culture vials containing the food medium of normal feed and mixed with a different concentrations of AgNPs-EW. The hatchability was determined by counting the rupture chorion, i.e., 1 st instar larvae aer 24 h at 25 C. Development of the 1 st instar larvae into adult enclosing was determined by scoring the number of adult's ies that emerged from the culture vials. All the replicates used in the hatchability were considered for scoring the newly emerged ies, with this phenomenon called the viability. Moreover, aer emergence of the 1 st instar larvae, the larvae follow the developmental phases of the life cycle and nally eclosion in the adults. The viability was monitored by calculating the percentage of larvae that could reach the pre-pupal, pupal, and adult stages. The duration of eggs development into adults (hatchability + viability) was also monitored in hours for calculating the time it took the ies to develop from eggs to adults. For analyzing the change in pigmentation of D. melanogaster, the females were observed for the most prominent abdominal tergites (A2-A6), indicated by a "stripe" of dark melanins at the posterior edge of the segment as well as a peak of this dark color along the dorsal midline. These variations in pigmentation were compared among different concentrations of AgNPs-EW containing food media with the normal food medium (control).
Examination of the antibacterial activity of AgNPs-EW aer freezing-drying
In order to investigate the impact of freezing-drying on the antibacterial activity of AgNPs-EW, the freshly grown bacterial strains of Salmonella typhimurium and Escherichia coli in brainheart infusion agar slants and nutrient agar slants were inoculated in brain-heart infusion broth and nutrient broth and incubated at 37 C at 120 rpm. Thereaer, cells were harvested from the early stationary phase, i.e., 12 to 16 h, by centrifugation at 6000 rpm for 10 min and washed three times with phosphate buffer (10 mM, pH 7.2). The cell pellets were nally resuspended in the same phosphate buffer to obtain the cell density of 0.1 OD (optical density), approximately 10 5 CFU ml À1 . The antibacterial activity was studied as per the protocol described earlier. 
Results and discussion
Rapid biosynthesis of AgNPs-EW
At present, the green and sustainable synthesis of metal nanomaterials using proteins, biopolymers, and polysaccharides has drawn great interest because it has more advantages compared with chemically prepared nanomaterials. 20 Here, we demonstrated a simple photochemical (i.e., direct sunlight) reduction method to prepare silver nanoparticles (AgNPs-EW) using eggwhite as reductant and capping agents. The mixing of silver nitrate and egg-white solution resulted in a gradual color change of the solution from white to pale yellow and deep yellow, which indicated the formation of AgNPs-EW (Fig. 1A) . Further, the formation was conrmed by UV-Vis spectroscopy. In order to acquire high-quality stable nanoparticles, we performed different experimental condition setups ( Table 1 ) and observed that E1, E2, E3, E5 agglomerated within 24 h to 48 h aer synthesis of the nanoparticles, whereas E4 was highly stable and the maximum absorption at 430 nm, which was due to the surface plasmon resonance (SPR) of AgNPs (Fig. 1B) .
Then, we performed the reaction kinetics (duration of reaction) of E4, which indicated a continuous increase in the absorbance with regard to the time, an indication of nanoparticles formation, reaching its maximum (Abs) at 60 min of sunlight exposure. However, with an extension of duration up to 95 min, there was no signicant change in the spectra (l max ) as compared to 60 min. These ndings indicated that AgNPs-EW formation was accomplished within 60 min, which indicates the completion of the reaction. Furthermore, nanoparticles formation was investigated in the absence of sunlight at room temperature (26 AE 1.5 C) and no change in color of the reaction mixture was observed until 12 h (ESI, Fig. 2 †) . The reaction mixture only started to change from white to pale yellow aer 12 h and gradually turned into yellowish brown. This is an indication of nanoparticles formation, which was further conrmed by using UV-Vis spectrophotometry at different time intervals, namely 12, 24, 36, 72, 84 h, which revealed changes in the spectra (l max ) from 0.35 Abs to 0.96 Abs at 72 h (ESI, Fig. 2 †) . Though, an extension of duration up to 84 h indicated that most of the AgNPs-EW formation was completed within 72 h, and therefore no signicant change in the spectra (l max ) aer 72 h was observed. These results suggested that sunlight-mediated nanoparticles synthesis is faster and a greater quantity of nanoparticles formation occurs, as indicated by the high absorbance (a.u.), than in the process without sunlight-exposed mediated synthesis ( Fig. 1A and B) . This is because the sunlight provides a higher electron transfer reaction than at room 
29,30
Moreover, we compared our results with previously reported results, 31, 32 and observed that the method explained in the present study produced nanoparticles in a higher quantity, i.e., $3 Abs units, and in a shorter duration, i.e., 60 min. Therefore, sunlight-mediated egg-white-capped nanoparticles synthesis is faster and able to produce a high quantity of nanoparticles.
Then, the size and morphology of the AgNPs-EW were measured by HRTEM analysis, which clearly revealed the capping of egg-white protein over silver nanoparticles (Fig. 1C  and C 0 ). The TEM picture estimated by image J soware tools revealed $2 to $20 nm sized nanoparticles (Fig. 1D) . Zeta potential analysis of the synthesized AgNPs-EW showed a x À24.2 AE 3.39 negative surface charge, which was due to protein coating on the surface of AgNPs-EW. The bioconjugation of eggwhite protein with AgNPs-EW was further conrmed by FTIR spectroscopy. The FTIR spectra of the control egg-white protein and AgNPs-EW are shown in Fig. 2 ). Further, the FTIR spectrum of AgNPs-EW showed peaks at 3280, 3295, 3001, 1647, 1631, 1587, 1594 cm À1 due to the symmetric stretching vibration of surfacebound protein molecules. Therefore, these results clearly demonstrated that egg-white protein acted both as a reducing and capping agent in AgNPs-EW formation.
Evaluation of stability under freeze-thaw cycles
The nanoparticles were exposed to various changes during freezing-thawing and drying, such as "solute exclusion" phenomena and the formation of liquid-rich phases within the ice mass with a high concentration of nanoparticles, which resulted in changes in the pH, ionic strength, and the aggregation of nanoparticles. The stability of nanoparticles is an important criterion during pharmaceutical formulations, which generally changes during to freeze-thawing and freeze-drying (lyophilization process). [33] [34] [35] [36] Hence, these variations in chemical-physical properties limit their biomedical application. Therefore, the effect of freezing-thawing and freeze-drying was investigated regarding the stability of the synthesized AgNPs-EW.
The synthesized AgNPs-EW on repeated freezing at À20 C and subsequent thawing at room temperature indicated no signicant change in color of the solution or in plasmon resonance l max (ESI, Fig. 3A and B †). These observations indicated the stability of the nanoparticles aer the freezing-thawing cycle, while the dynamic light scattering and zeta potential measurements were further evidence that no aggregation took place during the freeze-thawing cycle (ESI, Fig. 3C and D †). Furthermore, we analyzed the stability of AgNPs-EW during freeze-drying (lyophilization) without using any cryoprotectants. The lyophilized nanoparticles were fully dissolved in Milli-Q water and no color change was observed by visual observation (Fig. 3A and B) . This was further analyzed through UV-Vis spectroscopy, dynamic light scattering, and zeta potential measurements, while the morphology changes were investigated using FESEM and TEM. The FESEM and TEM images offered that the AgNPs-EW were well-separated from each other and had an insignicance change in the morphology (Fig. 3C, C   0 and D-F), which also revealed that the nanoparticles were stable during freeze-drying without any aggregation.
Cryoprotectants are usually added at various concentrations into colloidal solutions to prevent the aggregation of nanoparticles during freezing-thawing and freezing-drying. However, the presence of cryoprotectants inuences the size, charge, morphology, and adsorption surface of nanoparticles, which limits their biomedical application. [37] [38] [39] Hence, the present study indicated that the egg-white-mediated green synthesis of silver nanoparticles had good stability during freezing-thawing and freezing-drying without using any cryoprotectants. On the basis of the obtained results, during freezing-thawing/freezing-drying, the conjugation between silver ions and egg-white protein plays a crucial role in the stability of the nanoparticles. The egg-white contains different proteins and other biomolecules, which might have acted as natural cryoprotectants. 40 Egg-white is a cocktail of proteins, mainly ovalbumin (54%), ovotransferrin (12%), ovomucoid (11%), ovomucin (3.5%), and lysozyme (3.5%).
41 Therefore, we hypothesized that during synthesis of the nanoparticles, ovalbumin, ovotransferrin, ovomucoid bind on the surface of AgNPs-EW producing a resistance to freezing denaturation. These proteins are unique in structure containing carbohydrate or glycan chains, which makes them highly resistant to physicochemical changes during freezing-thawing and freezingdrying. [42] [43] [44] [45] [46] [47] In order to conrm this hypothesis, we digested bound proteins on the surface of AgNPs-EW and analyzed with SDS-PAGE.
Further, our ndings suggest that, due to electric repulsions and sterical hinderance between the negatively charged proteins (ovalbumin, ovotransferrin, ovomucoid) at the surface of nanoparticles, electrosterical stabilization of the conjugates occurs since the bioconjugates remain stable during freezingthawing and freezing-drying cycles without using any cryoprotectants. Hence, our studies bring new information on the understanding of nanoparticles stability during freezing-thawing and freezing-drying without using any cryoprotectants, immobilization, or surface modication of nanoparticles.
SDS-PAGE analysis
In order to analyse the bound and unbound protein on the surface of AgNPs-EW, the nanoparticles were digested and SDSpage was performed. The results are presented in Fig. 4 , and we observed that the proteins were separated according to their size placed on 12% acrylamide gels. In total, three protein bands were unambiguously identied by comparison with standard proteins marker and the ndings revealed the presence of three major proteins on the surface AgNPs-EW. These ndings were compared with the molecular weight of the concerned proteins in the database, which revealed ovotransferrin (MW $76 kDa), ovomucoid (MW $44 kDa), and ovalbumin (MW-37 kDa). [48] [49] [50] In comparison to two other major proteins of egg-white, i.e., ovalbumin and ovomucoid, we observed significant unbound proteins in the total percentage of egg-white (Fig. 4A) . Moreover, semi-quantitative densitometry analysis of the bands indicated that ovotransferrin (i.e., 12% of total eggwhite) was fully bound on the surface of AgNPs-EW (Fig. 4B) . On the basis of the obtained results, ovalbumin and ovotransferrin were the highest percentage of proteins bound on the surface of AgNPs-EW, followed by ovomucoid (Fig. 4B) . This could be due to total egg-white proteins consisting of 54% ovalbumin, 12%, ovotransferrin, and 11% ovomucoid.
Hence, the present study very clearly advocates that the three major proteins, i.e., ovomucoid, ovotransferrin, and ovalbumin, play vital roles in the reduction of silver ions (Ag + ) to silver nanoparticles (Ag 0 ) and anchor on the surface of the nanoparticle. Therefore, we concluded that these proteins are highly resistant to the chemical and physical conditions. This could be a key factor facilitating the colloidal stability of AgNPs-EW during freezing-thawing/freezing-drying without any surface modications, cryoprotectants, or immobilization of nanoparticles.
Evaluation of AgNPs-EW stability in physiological buffers
ESI Fig. 4 † presents the UV-Vis absorption spectra of AgNPs-EW stability in physiological buffers at different concentrations. The colloidal stability of AgNPs-EW was studied in different physiological buffer solutions at pH 6.5 and 7.4 in the concentration range from 25 to 200 mM by re-dispersing the 5 mg ml
À1
of dried AgNPs-EW, while UV-Vis spectroscopy examination was carried aer incubation for 24 h at room temperature. The results indicated no notable changes in the absorption spectra (i.e., l max retained at 430 nm). Therefore, our results demonstrated that the egg-white-capped nanoparticles (AgNPs-EW) had excellent colloidal stability in physiological pH (i.e., 6.5 and 7.4). This high stability of AgNPs-EW could be due to the egg-white proteins used for the nanoparticles synthesis, which have high stability at different ionic strengths. 47 Further, the egg-white proteins bound on the surface of nanoparticles gave a constant stabilizing potential to the hard protein corona.
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This result suggested that AgNPs-EW did not aggregate and retained their optical and physical properties at different ionic strengths.
3.5 Antibacterial activity studies 3.5.1 Zone of inhibition. Agar well diffusion method studies were performed for evaluation of the antibacterial behavior of the biosynthesized AgNPs-EW. The bacterial growth inhibition was examined in plates loaded with different concentrations (0.5-2.0 mg ml À1 ) of silver nanoparticles aer 24 h of incubation. The zone of inhibition observed at the various concentrations of silver nanoparticles in the two different bacterial strains, i.e., Salmonella Typhimurium and Escherichia coli, is shown in ESI Fig. 5 . † The antibacterial behavior of the nanoparticles was directly proportional in a dose-dependent manner. The effective inhibition zone observed in our studies was in the range of 8 to 12 mm; this nding suggested the remarkable antibacterial activity of AgNPs-EW against the test microbial organisms.
Evaluation of the minimum inhibition concentration (MIC).
The micro-broth dilution method was employed to determine the MIC of AgNPs-EW against Escherichia coli and Salmonella typhimurium (Fig. 5A and B) . MIC values of the silver nanoparticles for Escherichia coli, Salmonella typhimurium were 4 and 6 mg ml À1 , respectively. The MIC values were observed in the present study were better than in other studies reported.
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Thus, the results suggested that egg-white-mediated silver nanoparticles were found to be more potent bactericidal agents. 3.5.3 Bacterial growth kinetics. The growth inhibition of bacteria was studied in 1 to 12 mg ml À1 silver nanoparticles supplemented nutrient broth and brain-heart infusion broth (ESI, Fig. 6 †) . The kinetics of the bacterial growth curves followed a typical pattern. In regard to E. coli and Salmonella typhimurium, the lag phase was reduced to 1 h at the concentrations from 1 mg ml À1 of AgNPs-EW, where the highest tested concentrations used for this study was 12 mg ml À1 , where the lag phase to 1 h caused complete growth inhibition (ESI, Fig. 6 †) . Although the concentrations of 3-4 mg ml À1 induced a lag phase for 3.5 h, the cells survived the nanoparticles stress and the growth continued. At a concentration of 8 mg ml
À1
, the bacterial growth was completely inhibited. Thus, the inhibition of growth depends on the type of bacterial strain as well as on the concentration of nanoparticles, and the particle size and shape. 53 Overall, we observed higher antibacterial activity of AgNPs-EW based on the proteins capped on the surface of AgNPs-EW. Although Fig. 4 clearly revealed that ovalbumin, ovotransferrin, and ovomucoid are bound on the surface of AgNPs, these proteins have strong bactericidal activity; therefore they also used in the food processing industry to prevent bacterial colonization on food packing materials. 48 Moreover, the antibacterial activity of AgNPs-EW was enhanced by 80% higher than the egg-white alone. The higher antibacterial efficiency in the present study could be due to the particles size of the AgNPs-EW (i.e., $2 to $20 nm, average particles size $5 nm), as smaller particles of AgNPs might have enhanced cellular internalization, leading to cell death. 26 Consistent with these results, sunlight-mediated egg-white-capped AgNPs may play a vital role against various kinds of bacteria, including drug-resistance bacteria. Therefore, further study may be undertaken to investigate the antibacterial efficacy of these bacterial species.
3.5.4 In vitro biolm formation assay. The inhibition of biolm formation by AgNPs-EW was studied with a static microtiter plate assay and the results are presented in ESI Fig. 7 . † The AgNPs-EW were signicantly able to obstruct the biolm formation by 98% and 99% for E. coli and Salmonella, respectively. Notably, AgNPs-EW showed more inhibition when compared with a positive control of ciprooxacin. Therefore, these results point out that the AgNPs-EW synthesized with eggwhite proteins demonstrate strong bactericidal activity as well as antibiolm activity.
3.6 Antibacterial mechanisms 3.6.1 Evaluation of cytoplasmic contents leakage. Cytoplasmic leakage was studied to investigate the silver nanoparticles-induced membrane damage and cytoplasmic leakage of protein and nucleic acids in E. coli and Salmonella (ESI, Fig. 8 †) . We observed signicantly higher protein and nucleic acids release in AgNPs-EW-treated and the ciprooxacin positive control as compared to the negative control. A similar trend was observed in both the bacterial species. Interestingly, the cell damage caused by AgNPs-EW was close to ciprooxacin positive control.
3.6.2 Bacterial viability assay. An MTT assay was conducted to evaluate the bacterial viability in AgNPs-EW-treated bacterial culture. The results indicated the dose-dependent inhibition of viability and increased cytotoxicity was observed at higher concentrations of silver nanoparticles (Fig. 6A) . At 1 mg ml À1 onward, cytotoxic to bacterial cells were 56%, 75%, and 99.89% with the respective increasing AgNPs-EW concentration. These ndings suggest that the egg-white-mediated green synthesis of silver nanoparticles leads to very good antibacterial activity.
3.6.3 Detection of intracellular ROS. It has been reported that oxidative stress plays a vital role in nanoparticles-mediated cytotoxicity in prokaryotic cells. [54] [55] [56] In fact, the interaction between metal nanoparticles and bacterial cells oen produces reactive oxygen species (ROS), leading to DNA/RNA and proteins damage and lipid peroxidation. [54] [55] [56] Therefore, it was necessary to estimate the ROS production on AgNPs-EW treatment to know the oxidative stress-mediated bacterial cell damage. The ROS production in E. coli and Salmonella on AgNPs-EW- supplemented media were studied and the results presented in Fig. 6B . The ndings indicated a dose-dependent generation of reactive oxygen species. The results clearly demonstrate that 2 mg ml À1 of AgNPs-EW induces a 20% increase in ROS as compared with the negative control, which gradually increases with the concentration in both bacterial strains. The ROS production in the positive control was very close to a 8 mg ml
concentration of AgNPs-EW. Thus, these results suggested that AgNPs-EW upon interaction with bacterial cells cause ROS production, which induce oxidative stress in the cell, leading to cell membrane damage and cell death. 3.6.4 Evaluation of bacterial cell membrane damage by AgNPs-EW. AgNPs-EW-treated E. coli and Salmonella were stained with acridine orange (AO) and propidium iodide (PI) to investigate the bacterial cell membrane damage under confocal uorescence microscopy. The green uorescent (AO) stain shows only alive cells and propidium iodide (PI) stain only dead cells, which can be used for visual differentiation between live and dead cells based on membrane integrity 40 ( Fig. 7a and b) . The gure represents the distribution of dead and viable bacteria, wherein only live bacteria appear in green uores-cence, which corresponds to the control untreated bacteria. Fig. 7b represents the 4 mg ml À1 AgNPs-EW treated cell, where the viability was zero; therefore only red uorescence appeared. These results suggest that the treatment of Salmonella and E. coli strains with the AgNPs-EW leads to cell death due to membrane damage caused by ROS production.
Evaluation of hemocompatibility
The hemolytic behavior and structural damage of chicken erythrocytes were investigated under upright light microscopy to evaluate the hemocompatability (biocompatibility) behavior of the AgNPs-EW. The amount of hemolysis and the change in erythrocytes morphology caused by AgNPs-EW exposed to chicken whole blood for 1 h incubation are shown in Fig. 8 . The percent hemolysis increased with the increasing mass concentration of AgNPs-EW in the blood. In our study, nanoparticles caused 0.1% hemolysis at 12 mg ml À1 concentration. Interestingly, no morphological shape (normal biconcave shape) distortion was observed even at 12 mg ml À1 concentration.
Exposure of the AgNPs-EW to RBCs showed spikes over a few cell surfaces, which was non-signicant. Both these ndings indicated very good hemocompatibility of the AgNPs-EW. In comparison with reported data, 57 23% hemolysis was obtained in regard to human RBC, whereby, according to the criterion in the ASTM E2524-08 standard, a percent hemolysis >5% indicates that the test material causes damage to RBC. the AgNPs-EW did not cause any signicant difference in the egg-laying capability as compared with the control (Fig. 9A) . The control y laid on average 55 eggs per y per day, which is near 
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a Indicating better biocompatibility and non-toxic nature even at higher concentration exposure, which is important for wider biomedical application. about to that in all the replicates fed different concentrations of AgNPs-EW. Therefore, the results suggested that the AgNPs-EW did not induce any toxicity on the fecundity of Drosophila.
Further, the present study nding indicated 98% hatchability in the control and 96% to 98% in the AgNPs-EW supplemented with different concentrations (Fig. 9B) . The results propose that AgNPs-EW did not cause any signicant difference in hatchability of Drosophila as compared with untreated ies (control). The viability was observed at 98-99% in the control as well as in the AgNPs-EW-treated group (Fig. 9C) . Furthermore, the duration of development of the control ies was 251 h, whereas, the treated with AgNPs-EW ies took 252 h (Fig. 9D) . Moreover, pigmentation, which is primarily determined by the amount, the type, and the distribution of melanin, showed a remarkable diversity in populations. Therefore, we selected this trait for analyzing the acute and chronic toxicity effects of AgNPs-EW in the pigmentation. The observed results indicated that the control female ies had a 6.55 AE 0.12 abdominal pigmentation sum score (sum of the segments 2, 3, 4, 5 and 6), whereas a score pf 6.47 AE 0.35 was reported for the AgNPs-EW-treated female ies (Fig. 9D) . The results of both sums values have minor differences but statistically insignicant. Therefore, the present study revealed no toxicity of AgNPs-EW on Drosophila pigmentation in female ies. On the basis of these ndings, it was demonstrated that the concentration range from 10 to 100 mg L À1 of AgNPs-EW did not cause any signicant acute and chronic toxic effects on the reproductive traits, namely the fecundity, hatchability, viability, duration of development, and pigmentation of Drosophila. We compared these ndings with previously reported AgNPs toxicity studies on Drosophila and summarize the results in Table 2 , 58-62 which clearly shows that AgNPs toxicity is based on the capping agents used for nanoparticles synthesis, size, and dose. Based on our literature study, we understand that this is the rst report of AgNPs-EW having no acute and chronic toxicity effects on Drosophila at the maximum concentration, which is 100 mg L À1 . This may be due to the capping of ovalbumin, ovotransferrin, and ovomucoid over the nanoparticles, making these particles non-toxic. Moreover, this is a higher concentration than the minimum inhibitory concentration (MIC) of test bacterial strains used in this study. In fact, our results suggested that nanoparticles synthesis via green chemistry approach and using protein/ peptide as reducing and capping can reduce the toxicity of nanomaterials and improve their practical applications of nanomaterials.
Examination of the antibacterial activity of AgNPs-EW aer freezing-drying
The study on the impact of freezing-drying on the antibacterial activity of AgNPs-EW indicated no signicant difference in the antibacterial activity upon freezing-drying as compared with before freezing-drying (Fig. 10) . Therefore, these ndings revealed that the freezing-drying of AgNPs-EW did not cause aggregation and the physico-chemical properties were retained the same as the freshly synthesized. This could be the cause of the unaltered antibacterial properties of AgNPs-EW even aer freezing-drying. Interestingly, the sunlight-mediated egg-whitecapped silver nanoparticles featured high stability and antibacterial potential. Hence, the synthesized AgNPs-EW investigated have immense potential for controlling bacterial infections.
Conclusion
In conclusion, we herein presented a novel method for the rapid, cost-effective, eco-friendly synthesis of non-toxic AgNPs-EW using egg-white protein as capping agents under the irradiation of daily sunlight. The synthesized nanoparticles employing this method had good biocompatibility, enhanced colloidal stability, and antibacterial activity. It is signicant to point out that the AgNPs-EW were readily accomplished via a one-step reaction, i.e., the photocatalytic synthesis of AgNPs, which was simple, cheap, and environmentally friendly. The egg-white protein was tightly anchored on the surface of AgNPS-EW, facilitating long-term stability under the ambient environmental condition of more than one year and further, the AgNPS-EW were resistant to repeated freezing-thawing and freezing-drying processes without using any cryoprotectants. Furthermore, the antibacterial activity preserved >99% antibacterial activity against Salmonella typhimurium and Escherichia coli. In addition, the AgNPs-EW possessed adaptable biocompatibility at the lowest concentration on chicken erythrocytes and yielded feeble cytotoxicity on Drosophila. These results will enable the exploration of novel applications in the eld of nano-biomaterials and antimicrobial therapy.
Conflicts of interest
All the authors declare that there are no conicts of interest.
